Abstract ： We demonstrate inter-valley Bloch oscillation (BO) and Landau-Zener tunneling (LZT) in an optically-induced honeycomb lattice with a refractive index gradient.
Bloch oscillation (BO) and Landau-Zener tunneling (LZT) have intrigued scientists for decades as fundamental phenomena predicted from quantum mechanics [1] , and their direct observations have been achieved in a variety of systems ranging from semiconductor superlattices [2] , cold atoms and Bose-Einstein condensates [3, 4] , to photonic structures [5] [6] [7] [8] and plasmonic waveguide arrays [9] . Recently, attention has been drawn to the idea that BO and LZT can be drastically altered in systems with Dirac-like dispersion, such as graphene and topological insulators [10] [11] [12] . For instance, by deforming a honeycomb lattice (HCL) for ultracold Fermi gases, creation and annihilation of Dirac points has been realized [10] , allowing for probing the properties of BO and LZT as the system undergoes a topological transition [11, 12] . In particular, artificial Dirac systems [13] such as "photonic graphene" -a HCL of evanescently coupled optical waveguides [14, 15] , and "synthetic solids" of trapped ultracold atoms in crystals of light [10, 16, 17] , have provided a tunable platform as a quantum simulator for many fundamental phenomena, including demonstration of photonic Floquet topological insulators [15] and the measurement of Bloch band topology and Berry curvature [17] .
While achievements have been made in observation of spatial shifts of wavepackets undergoing adiabatic BO using cold atoms in optical lattices [3] , the non-adiabatic phenomenon of LZT involving Dirac points under strong driving field is still poorly understood. Thus far, the systems in which BO and LZT have been most extensively studied are one-dimensional gapped periodic lattices. In such systems, the dynamics of BO and LZT are highly sensitive to the gap size: for large gaps adiabatic transport within a single energy band results in periodic BO, but smaller gaps comparable to the driving force lead to interband LZT that can break the periodicity of the dynamics and induce net transport [18] . In the limit of a vanishing gap, period-doubled BO is expected to be restored due to perfect LZT [19] . This behavior becomes more complex in two-dimensional (2D) systems, where the Bloch oscillation trajectories and LZT strength may become sensitive to the direction of the applied field [20] . In optics, BO and LZT in the 2D domain were previously demonstrated only with square photonic lattices [8] , but the physics in graphene-type HCL [14] is fundamentally different: In square lattices, LZT occurs through gapped Bloch bands with no Dirac points involved, whereas in HCL the band gap vanishes at the Dirac points and the LZT probability is sensitive to their relative chirality as well as the direction of driving force. Hence, the interplay of BO (between valleys) and LZT (near the Dirac points) is expected to bring about wavepacket dynamics mediated by pseudospin [21] and valley degrees of freedom qualitatively distinct from the behavior in square lattices. To our knowledge, BO through Dirac points [22] and the role played by pseudospin have so far never been observed.
In this Letter, we demonstrate inter-valley BO and LZT at Dirac points using opticallyinduced photonic graphene. We observe non-adiabatic wavepacket dynamics that depend anisotropically on the direction of an applied potential gradient. For one choice of the gradient (one that does not break the sublattice symmetry), we observe persistent and symmetric BO through two inequivalent valleys and perfect LZT, as expected for a massless 2D Dirac Hamiltonian driven by a scalar potential gradient. In contrast, for another choice of the gradient (one that breaks the sublattice symmetry), we observe damped BO between two equivalent valleys due to asymmetric scattering and imperfect LZT and, counterintuitively, the tunneling probability decreases as the driving field strength is increased. This latter scenario suggests that, near the Dirac points, the potential gradient does not always act as a simple scalar force as commonly assumed. Our theoretical analysis of the LZT probability based on an effective Landau-Zener Hamiltonian along with calculations of BO dynamics to long distances shows unambiguously the influence of the sublattice (pseudospin) symmetry breaking. Moreover, the broken symmetry leads to a pseudospin imbalance, observable in the form of vortices with valley-dependent topological charges. These results demonstrate clearly that, as shown in many occasions in modern physics, dispersion does not necessarily determine everything by itself, and equally important is the structure of the eigenstates, unveiling how isotropic Dirac cones can exhibit an anisotropic response to strong driving fields.
Our experimental setup is shown in Fig. 1(a) , where the HCL is optically induced in a biased photorefractive crystal (SBN:60) by six interfering ordinarily-polarized beams obtained through an amplitude mask with appropriate phase modulation [14, 21] . The HCL intensity distribution (with the orientation of one principal axis of the lattice along the xdirection) is described by , where γ is the normalized nonlinear coefficient that can be tuned by varying the bias field.
The propagation of the probe beam is described by the paraxial Schrodinger-type equation for the normalized electric field envelope ( , , )
where z is the propagation distance, 488 nm As shown in Fig. 2(a) , the initial excitation of the first band displays strong resonant scattering when it reaches one of the K valleys, symmetrically populating the other two equivalent K valleys. In principle, each scattered spectral component contains two parts:
one belonging to the second Bloch band due to LZT, and the other belonging to a Braggreflected first band component that remains in the first BZ. Experimentally, the 2 nd -order
BZs are associated with but not equivalent to the second Bloch band, which complicates the determination of the tunneling rate through a particular Dirac point. Theoretically, we know that for a sufficiently weak gradient, significant tunneling occurs only in the vicinity of the Dirac point, which is described by a Landau-Zener Hamiltonian of the form [22] ( )
where Δ is the index contrast between the two sublattices, ˆj potential. This in turn lifts the degeneracy of pseudospin states [21] but preserves the valley degree of freedom. Typical results are presented in Fig. 3 . The probe beam is accelerated through the first BZ, and then scattered at the top K valley as shown in Figs. 3(a-c) . Clearly, the resonant scattering to the other two equivalent K points is highly asymmetric. After completing one BO cycle in Fig. 3 (e), the beam is split between the first and second BZs, indicating strong but imperfect LZT. To explain this, we assume that the effective
Hamiltonian has a nonzero mass term that is proportional to the applied potential difference: occurring only in the weak field limit 1 a  E . This anomalous tunneling probability is a unique characteristic of Dirac points, dependent on the mass term being proportional to the applied force, and it is not observable in conventional gapped bands such as in 2D square lattices [8] . Detailed analysis of the anisotropic LZT probability at the Dirac points based on the effective Landau-Zener Hamiltonians (supported by the tight-binding calculations of the wavepacket dynamics) can be found in the Supplementary Information [25] .
To verify that the Dirac points are responsible for the strong LZT observed for both index gradients, we repeated the experiment under the same conditions, except for using a probe beam trajectory along the Γ and M points to avoid the valleys (see Fig. 1 Our results show that there is an important difference between the real electrons described by the Dirac equation and the electrons in graphene (with the sublattice pseudospin, for example), and that special attention should be paid to such counter-intuitive effects. As a typical example, a mechanism similar to that presented in this work can also affect the dynamics of Klein tunneling in graphene [27] , if a potential gradient is introduced to locally induce mass in the dispersion by breaking the sublattice symmetry.
In conclusion, we have observed valley-dependent BO and LZT in photonic graphene driven by an index gradient. The interplay between the applied index gradient, sublattice symmetry breaking, and Bragg scattering can generate beam dynamics that are sensitive to the choice of the Dirac cones. Our observations of asymmetric scattering, imperfect LZT, and valley-sensitive generation of vortices mediated by pseudospin imbalance reveal the anisotropic response of Dirac points in an otherwise isotropic platform of HCL to strong driving fields, which may be used to control valley and pseudospin degrees of freedom in graphene-like systems. Our results may also provide insight to recent relevant studies involving BO in parity-time-symmetric structures [28, 29] , flat-band systems [30, 31] , as well as spin-orbit coupled systems [32] . 
